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ABSTRACT 

Extended high-energy (> 100 MeV) gamma-ray emission that lasts much longer than the prompt sub-MeV 
emission has been detected from quite a few gamma-ray bursts (GRBs) by Fermi Large Area Telescope (LAT) 
recently. A plausible scenario is that this emission is the afterglow synchrotron emission produced by electrons 
accelerated in the forward shocks. In this scenario, the electrons that produce synchrotron high-energy emission 
also undergo inverse-Compton (IC) loss and the IC scattering with the synchrotron photons should be in the 
Klein-Nishina regime. Here we study effects of the Klein-Nishina scattering on the high-energy synchrotron 
afterglow emission. We find that, at early times the Klein-Nishina suppression effect on those electrons that 
produce the high-energy emission is usually strong and therefore their inverse-Compton loss is small with a 
Compton parameter Y < a few for a wide range of parameter space. This leads to a relatively bright synchrotron 
afterglow at high energies that can be detected by Fermi LAT. As the Klein-Nishina suppression effect weakens 
with time, the inverse-Compton loss increases and could dominate over the synchrotron loss in some parameter 
space. This will lead to a faster temporal decay of the high-energy synchrotron emission than what is predicted 
by the standard synchrotron model, which may explain the observed rapid decay of the early high-energy 
gamma-ray emission in GRB0905 10 and GRB090902B. 
Subject headings: gamma rays: bursts 



1. INTRODUCTION 

With the launch of Fermi satellite, one of the new features 
of gamma-ray bursts at high-energies has been established, 
i.e. GRBs show extended high-energy (> 100 MeV) emis- 
sion which lasts much longer than the prompt phase. This ex- 
tended emission has been seen in both long and short GRBs 
and the flux usually decays with time after the initial peak. In 
some cases (e.g. GRB090510 and GRB090902B), the tempo- 
ral decay is a simple power-law decay with a slope ranging 
from -1.3 to -1.5 (Abdo et al. 2009a,b; Ghirlanda, Ghis- 
ellini, Nava 2009; De Pasquale et al. 2009). One of the 
proposed models for such emission is the hadronic cascade 
emission model, in which the high-energy photons produced 
by the accelerated ultra-high energy protons can not escape 
the soft photon field and a cascade is induced (Abdo et al. 
2009b). This model has been applied to the extended emis- 
sion of GRB941017 (Dermer & Atoyan 2004), but whether it 
can explain the simple power-law decay of the Fermi LAT 
bursts is unknown. The long-lived behavior and not very 
rapid decay of the high-energy emission from GRB090510 
and GRB090902B can not be easily explained by the reverse 
shock emission model either (Wang et al. 2001a,b) 6 . On 
the other hand, the simple power-law decay with a modestly 
large slope is reminiscent of the afterglow emission. The self 
inverse-Compton (IC) emission of the afterglow has been long 
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thought to produce a high-energy component (e.g. Zhang & 
Meszaros 2001; Sari & Esin 2001; Fan et al. 2008; Gou 
& Meszaros 2007 ), but the light curve is expected to rise 
initially and start to decay minutes to hours after the burst. 
Kumar & Barniol Duran (2009a) proposed that the extended 
high-energy emission from GRB080916C is due to afterglow 
synchrotron emission. This mechanism has also been pro- 
posed to explain the extended high-energy emission from 
GRB090510 (Gao et al. 2009; Ghirlanda, Ghisellini, Nava 
2009; Ghisellini, Ghirlanda, Nava 2009, De Pasquale et al. 
2009) and GRB090902B (Kumar & Barniol Duran 2009b). 

In the latter synchrotron afterglow scenario, the high- 
energy extended emission is produced by the electrons in 
the forward shock via synchrotron emission. The shock- 
accelerated electrons are usually assumed to have a power-law 
form in energy distribution, i.e. dN e /d~f e oc j~ p , where j e is 
the Lorentz factor of electrons. These electrons also suffer IC 
loss by scattering synchrotron photons. Due to that the scat- 
tering between large 7^ electrons and the synchrotron pho- 
tons could enter the Klein-Nishina (KN) scattering regime, 
higher energy electrons may suffer smaller IC loss and as a 
consequence, their synchrotron emission is stronger. Since 
the Lorentz factor of the electrons producing the high-energy 
afterglow emission are usually large, the KN scattering ef- 
fect must be taken into account when one calculate the syn- 
chrotron high-energy afterglow emission. In this paper, we 
study the effect of the KN scattering on the high-energy af- 
terglow emission of GRBs. Recently, Wang et al.(2009) stud- 
ied the KN effect on the prompt emission spectrum of GRBs 
and Nakar et al. (2009) studied the KN effect on optically 
thin synchrotron and synchrotron self-Compton spectrum in 
general. In this paper, we focus on the early high-energy af- 
terglow emission and confront the theoretical results with the 
high-energy afterglow observations by Fermi LAT. 

The paper is organized as follows. First we study how 
the KN scattering affects the electron distribution in the for- 
ward shock in § 2. Then in § 3 we calculate the Compton 
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parameters for the high-energy electrons that produce high- 
energy gamma-ray emission and study their evolution with 
time. With the Compton parameters known, we calculate the 
light curves of high-energy afterglows in § 3. Finally, we sum- 
marize our findings in In § 4. 

2. KLEIN-NISHINA EFFECT ON THE ELECTRON DISTRIBUTION 

We define the Compton parameter for electrons with 
Lorentz factor 7 e as the ratio of the synchrotron self-inverse 
Compton (SSC) to the synchrotron emissivity, i.e. 
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When KN effects are unimportant, i.e. the IC scattering of j e 
electrons with synchrotron photons are in the Thomson scat- 
tering regime, Y(-f e ) is a constant and its value has been de- 
rived by Sari & Esin (2001) for the GRB afterglow. However, 
for high energy electrons whose KN effect become important, 
y(7e) depends on j e . We approximate 
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for the afterglow emission (see also Li & Waxman 2006), 
where hvKNije) = Tm e c 2 /j e is the critic energy of scattering 
photons above which the scatterings with electrons of energy 
7 e just enter the KN scattering regime (r is the bulk Lorentz 
factor of the emission region), U syn [u < VKNije)] is the en- 
ergy density of the synchrotron photons with frequency below 
VKNile) and Ub is the energy density of the magnetic field. 

The KN effect can affect the electron distribution, which is 
given by 



for the slow-cooling case and 
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for the fast-cooling case respectively (Nakar et al. 2009), 
where C\ and C2 are two constants, j c and j m are cooling 
Lorentz factor and minimum Lorentz factor of electrons re- 
spectively (Sari et al. 1998). To compare with Fermi LAT 
observations, we consider the electrons that produce hv* = 
lOOMeV synchrotron photons. We define 7* as the Lorentz 
factor of those electrons whose synchrotron frequency is v*. 
The electrons producing such high-energy afterglow emission 
typically have 7, > max(7 e ,7 m ). For the slow-cooling case, 
one can derive the number density of electrons of 7* when the 
KN effect is taken into account, i.e. 



i+r(7,)' 
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where N syn (-f*) = Ca c , syn -f/ 1 = C17JI + Y(j c )]'j/ 1 repre- 
sents the number density of electrons of 7* when only the syn- 
chrotron cooling is considered (-f cjyn is the cooling Lorentz 
factor of electrons when only the synchrotron cooling is con- 
sidered; see, e.g. Sari et al. 1998). Therefore the number 
density of electrons of 7, is a factor of 1 +Y( j*) lower than 
that in the case that only the synchrotron cooling is consid- 
ered. As a result, the synchrotron luminosity produced by 
7* electrons is reduced by the same factor correspondingly. 
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In the fast-cooling case, when the IC scatterings of electrons 
°f le ^ 7m w i m synchrotron photons are in the Thomson 
scattering regime (the case of §3.2.2), one can also obtain 
W(7*)=Nsyn(7*)/[l+y(7*)]> so the the synchrotron luminos- 
ity is also reduced by a factor of 1 +Y(-f*). 

3. KN EFFECT ON THE COMPTON PARAMETERS 

Now we derive T(7„). As the electron distribution is differ- 
ent in the fast and slow cooling cases, we divide the following 
analysis into these two different cases. 

3.1. The slow-cooling case 

Whether the afterglow emission belongs to the slow- 
cooling or fast-cooling case depends on shock microphysics 
parameters (i.e. the magnetic field equipartition factor €b 
and electron energy equipartition factor e e ) and other param- 
eters such as the burst energy E and the circumburst density 
n. Among these parameters, the magnetic field equipartition 
factor cb is the mostly poorly known. The circumburst den- 
sity n depends on the burst environment and may range from 
10" 3 cm" 3 to 10cm" 3 (e.g. Kumar & Panaitescu 2001). 

The condition for slow-cooling is 



n_{ 2 e B ,-5 < 400[l+Y( lc )]-% l e-^E^'X^l +z) 



-1/2 



(6) 



where f p = 6{p-2)/(p - 1), p is the power-law index of the 
electron energy distribution (p = 2.2 has been used in the fol- 
lowing calculations), to is the time in units of 10° s (hereafter 
we use the cgs units and denotation Q x = Q/10 x ) and z is the 
burst redshift. The cooling Lorentz factor and the minimum 
Lorentz factor of electrons in forward shocks are given by 

7. = 10 7 [1 +y( 7c )]- 1 £ 5 - 4 3/ Vi /8 ^_ 5 fd /8 (i +zr 1/8 (7) 



and 



lm = 2.5 x 10 4 f p e e ^E l 5 {\-_ft- 3/ \l +z) 3/ \ (8) 

respectively, where T(7 e ) is the Compton parameter of the 
electrons of energy j c . The cooling frequency and minimum 
frequency of electrons corresponding to j c and j m are, respec- 
tively, 
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and 



v m = 5 x lO'V^e^V^ fo (1 +z) 1/2 Hz. (10) 

In the slow-cooling case, the synchrotron luminosity is 
dominated by 7 C electrons and the ratio of the SSC luminosity 
to synchrotron luminosity is approximately given by T(7 C ). 
Depending on the location of i>kn(.1c), U P h[v < vkn(Ic)] is 

proportional to vkn(Jc)^ 3 ~ p ^ 2 or vkn(1c) A ^ ■ So the value of 
Y(j c ) can be obtained from 



F(7 c )[l+y(7 c )] = f^) 2 -" 

A3-p)/2 , ™n4/3 
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To calculate Y(j c ), we need to know the ratios of vkn(Jc) 
to v m and v c , which are respectively given by 

=7.5 x 10-Hl + Y( lc )?E 54 el%n 3 _{ 2 (l + z) (12) 
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and 

= 1.4 x 10 [l+Y(j c )]Jp e^ejj^njy t . (13) 

v m 

Since we are interested in the high-energy afterglow emis- 
sion, we also need to know the ratio of vkn{i*) to u m , which 
is 



vkn(i*) — ( Vc \l/2 vkn 

V m ^* ^iii 
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According to the relations among vkn(1c), v m and i/ c , we 
divide the discussion into three cases. 

3.1.1. Case I: vkn(1c) < v m < v c 

This case typically happens at early times for reference pa- 
rameter values we used. Eq.(l 1) can be simplified as 



Y( lc )[l+Y( lc )] = 0.09[l+Y( lc )]y 3 



(15) 



x/; 5/3 e^ 3 e^ 5 4/V{% 5 / 6 (l +Z )V 2 . 
If F(7e) <C 1, one can obtain 

y( 7e ) = 0Mf?^e%#£nV<tf\l + z)"\ (16) 

while for F(7 e ) > 1, the value of F(7 C ) can be obtained only 
numerically. 

One can also obtain the Compton parameter for those elec- 
trons that produce high-energy synchrotron emission with fre- 
quency v % . Since usually hv* = lOOMeV > hu c , we only dis- 
cuss the case of vkn{i*) < v KN (^ c ) below 7 . For Vkn(1*) < 
vknItIc) <%,we have 



r(7.) = i-(7 e )[^] 4/3 = y(7c)(^r 4/3 = Y( lc ) (^) 
= 0.3^^eOT\i + ^. 
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3.1.3. Ca.se ///: vkn^c) >v c >v m 

In this case, the KN effect on -f c electrons is not important 
and the Compton parameter is given by 

r(7c)[i+r(7c)] = tSyJ 1 '" = 2A x io 3 [i +y( 7c )]"- 2 /r 2 



2) Case lib: vkn(1c) > v kn(i*) > v m- in this case, 
7(7*) = r(7c)[^g] (3 ^ )/2 = 7(7 c )(^) ( "- 3)/4 

n 
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7 When the number density n is very low (e.g. n < 10 2 cm 2 ), ft;/* can be 
lower than hv c and ^a:w(7*) > ^jtaKTc)- 1^(7*) can be similarly obtained in 
this case. In figures 1 and 2 where Y(-y t ) is calculated for n ranging from 1(T 3 
to lOcnr 3 and e B ranging from 1CT 1 to l(r 6 , this situation has been included 
in the calculation. 
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(21) 

Depending on the relations among Vkn(1*)< v m and v c , there 
are three sub-cases: 

1) Case III a: v K n{1*) < v m < v c < v KN {^ c ). Define % = 
Tm e c 2 jv c as the critic Lorentz factor of those electrons that 
their interaction with synchrotron peak photons (i.e. photons 
at v c ) is just in the KN regime. In this case, we have 

y( 7 „) = y(^ c )(«a»)<3-ri/2[«wizs}]4/3 

=o.^g^ 6 »!f5 /2 (i + z)^ 

where Y(%) = Y(-f c ) has been used in the last step. 

2) Case Illb: v m < vkn(i*) <v c < Vkn(7c)- In this case, 

Yin,) = y( 7c )[^>]( 3 -")/ 2 = y (7c) [^]0-3)/4 ( ^) ) (3- P )/2 

= 2/^ef^ 3 ^ 1)/8 nlf 4 5 " 3 " )/8 (l +z)C- 2 )/ 2 .' 

(23) 

3) Case IIIc: z/ m < v c < i>kn(i*) < ^kn(1c)- In this case, 

K(7.) = y(7c). (24) 

3.2. 77ze fast-cooling case 
The condition for the fast-cooling case is 

"If ca,-2 > 0.4[1 +Y{ lc )r l r p x e-]_ i E;l l2 t l J 2 {\ +zT l/2 . (25) 

Below we use a larger eg as the reference value for the fast- 
cooling case. In this case, the synchrotron radiation is domi- 
nated by 7„, electrons and the critic frequency of interest is 



^(7m) = 3.7xl0 18 /; 1 e-; 1 _ 1 Hz. 
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3.1.2. Case II: v m < VgNifc) < v c 

As VKN(lc)/v m increases with time, it is likely that 
vkn(1c) > v m at later times. In this case, we have 

r(7c)[i+r(7c)] = 7 L B (^) 2 - p ( ! ^ M ) {3 - p)/2 
= i.2[i+r( 7 c)] ( ^/Vr 2 C\^ 

(18) 

Depending on whether f/ov(7*) is larger or smaller than v m , 
there are two sub-cases: 

1) Case Ha: vkn{1c) > v m > vkn{i*)- In this case, 

Y{ 1 ,) = Y( lc )[^]^ 2 [^l]^ 
= 0.9/; 5/3 e;i / 1 3 e B 1 4 3 £ 5 1 4 /6 n^ 1 1/2 (l + z) 1 ^. (19) 



Similarly, one can find the ratios of v KN (^ m ) to two character- 
istic frequencies, 



VKNilm) 



= 0.24/; 3 e ^ 1J B 5 - 4 1/2 e - 1 _ / 2 2 fo 3/2 (l +zT 1/2 , (27) 



VKNilm) . cr1 , „, ,,2H -l ,,1/2 3/2 1/2,, , ,1/2 

= 1.5[l+7(7c)] Jp'e^E^ e^n-ifo' (1+z) ' ■ 

(28) 

Below we divide the discussion into two cases according to 
whether the KN effect of 7,,, electrons is important or not, i.e. 

the cases of i^Ar(7m) < v m and VKNilm) > v m . 

3.2.1. Case I: fKN{")m) < Vm 

Different from the slow-cooling case, the electron distri- 
bution at low-energies is affected by the KN effect in this 
case and therefore the corresponding synchrotron spectrum 
may be changed. Following Nakar et al. (2009), we de- 
fine vq as the synchrotron frequency of electrons of 70 (i.e. 
vq = f S yn(7o)X where F(7o) = 1. According to whether -f m 
is greater or smaller than 70, there are two subcases, i.e. 1) 
70 < 7 m and 2)70 > 7,,,. 

i)Case la: 70 < 7,,,. This case applies when eg is large. 
Define % = Tm e c 2 /hvo and 7 m = Tm e c 2 jhv m . In the energy 
range 70 < 7e < 70, the electron distribution is N(-f e ) oc 7J 1 
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and the synchrotron spectrum is vF v oc v (Wang et al. 2009; 
Nakar et al. 2009). Hence we have Y(-y ) = Y '(70X70 / To)" 1 • 
Since vF v (vq) = vF v (v m ){vo/v m ) l l 2 and Y(%) = e e /e B in this 
case, Y(%) = f^) 1/2 . Then we obtain 7o = 7o(^)(^) 1/2 - 
From 

^ = (^) 2 = 0.06^^^(1 +zr 1/2 , (29) 

Vm 7w* 

one can further obtain the corresponding synchrotron fre- 
quency of 70 electrons, 



3.2.2. Case II: VKN("lm) > v m 

At later times, when t > 3f 2 e 2 _ 1 E 1 5 fe B / * 2 (l + z) 1/3 s, 
VKNilm) > v m . ln this case, the KN effect of -f m electrons 
is unimportant and 



(41) 



^ = 3.6xl0 1 Ve^_ 1 Hz. 



(30) 



as the synchrotron emission typically peaks at v m in this case 
(Nakar et al. 2009). In order to calculate F(7*), let's first 
derive the ratios of vkn(j*) to two critic frequencies, which 
are respectively 



Similarly, one can obtain the synchrotron frequency of % 
electrons, 



VKNh,) _ (Hm.\l/2 VKN(lrr,) 

=o!b4^ ie ^i/^/4 (1+zr i/4 



vo = (f) Z v m = [^] 2 v m 
= 5xl0 1 V 2 4 / -V 5 1 4 / V /2 (l+^) 1/2 Hz. 



and 



(31) 



(42) 
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If max(z/ c , i> ) < v KN (j m ) <v Q < v m , we have 

Y(jJ[l + Y( lm)] = ^-^)(^. (32) 
£s Vo v m 

As Y(j m ) < 1 when 70 < j m , we obtain 

Y( lm ) ~ |,(M)(^)'/2 = Oltf^E-We^Q +zT 

(33) 
rtair 

= r( 7 J(-r 1/2 = 0.01^/2,-1/2. 
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where F(7 C ) = 177m) = a/ e^/e^ has been used. According to 
the relations among vkn(t/*)> v m and v c , there are three sub- 
cases: 

l)Case Ha: v c < v KN (j r ) < v m . In this case, 

7(7.) = i-(7 m )(^^) 1/2 = 0.7£V-ft]^ VW 1/8 



If max(j/ e , A)) < vkn(1/*) ^ v KN (j m ) < u , it is easy to obtain 

V K n{1*) w "* N -l/2 nn1J -l/2 f -l/2 

(34) 



y(7.) = y(7m)- 



VKNilm) 

In other cases, the derivation of F(7*) is complicated. How- 

m.xi. (35) 



ever, we note that as long as > vq = 3.6 x 10 18 / 'e^^Hz, 



(44) 

where j m = Tm e c 2 / hv m is the critic Lorentz factor of those 
electrons that their interaction with photons at v m is just in the 
KN regime and Y(j m ) = Y(j m ) = \Jt e /€ B has been used in the 
last step. 

2)Case lib: v KN (j*) < v c . In this case, 
r(7.) = i'(7m)(^) 1/2 (^ T ? il ) 4/3 = 22[\+Y{ lc )T l r p l eJ\ 

(45) 



For hv* = lOOMeV, > vq is satisfied given that the fast- 
cooling condition is satisfied. Therefore we conclude that 
177*) < 1 in case la. 

ii) Case lb: 70 > 7 m . This case applies when e B is smaller. 
In this case, v KN (^ m ) < v m < v , so 



3)Case lie: v KN (j*) > v m . In this case, 



r(7*) = F(7m) = 3e 



1/2 -1/2 

e,-l e B,-2- 



(46) 



r(7«)[i+r(7m)]< 



£ g VKNilm) 
£fi V m 



(36) 



From F( 70 ) = Y(j m )(^T l = 1, we obtain 7o = ff^f^m and 



i/ =3.6xl0 19 C 1 eB 1 _ 2 Hz. 



(37) 



As, Y(j m ) > 1 in this case, we get 

1/2 



r(7»)= 



(38) 

Similarly, if max(^ c ,z> ) < Vkn{1*) ^ v KN (j m ) < u , 



Y{l*) = Y{ lm ) 



v K n(j*) 



VKNilm) 

In other case, we also have 

177*) < 1 
as long as v„ > vq is satisfied. 



0.03^^-1/2 (39) 



(40) 



4. KN EFFECT ON THE HIGH-ENERGY SYNCHROTRON 
AFTERGLOW LUMINOSITY 

The above analyses give the dependence of the Compton 
parameters T(7»), 177c) (in the slow-cooling case) and Y( j m ) 
(in the fast-cooling case) on the parameters such as e e , e B , E 
and n. Since e B and n are the least known among these param- 
eters for GRB afterglows, we explore the value of T(7*) and 
T(7c) (or T(7 m )) as a function of these two parameters. In Fig- 
ures 1 and 2, we show the result for two different times, i.e. at 
t = Is and / = 10s respectively. We find T(7*) is smaller than 
a few at t = 1 s for the parameters e B in the range from 10" 6 to 
10" 1 and n in the range from 10" 3 cm" 3 to 10cm" 3 . At t = 10 s, 
F(7*) is also smaller than a few in a wide range of parameter 
space (it is large than a few only when n is as high as 10cm" 3 
and e B is close to 10" 6 ). On the other hand, Y(j c ) or F(7 m ) 
can be more than one order of magnitude higher in the same 
parameter space. This implies that SSC loss of high-energy 
electrons that produce high-energy (> 100 MeV) afterglow 
photons is typically small. As a result, the synchrotron lu- 
minosity at high-energies is correspondingly high, which en- 
ables the detection of early high-energy afterglow emission 
by Fermi LAT. 
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FIG. 1. — Values of the Compton parameters F(7*) (top panel) and 7(7 C ) 
(or Y (-),„ ), bottom panel) of the afterglow emission as a function of eg and n 
at time t = Is after the burst. The black solid line separates the slow-cooling 
case and fast-cooling case. The blank space in the plot corresponds to the 
region where vxNi'fm) < I'm, for which F(7„) < 1 but the exact value is not 
calculated. Other parameters used in the plots are e e = 0.1 and E = 10 54 erg. 



In order to see whether the SSC emission contributes to the 
high-energy afterglow emission at Fermi LAT energy band, 
we calculate the spectral energy distribution of the afterglow 
emission at early times numerically. Assuming an adiabatic 
evolution of the blast wave and using the electron distribu- 
tion given in §2, we calculate the synchrotron radiation spec- 
trum as well as the SSC spectrum with a full KN cross section 
taken into account (see equations 2 and 1 1 of He et al. (2009) 
for the description of the dynamic and the full KN cross sec- 
tion). Figure 3 shows the vF v spectra of the afterglow syn- 
chrotron emission and the SSC emission for the slow-cooling 
case at times t = 1 s and t = 10 s when the KN effect is taken 
into account. In the Fermi LAT energy band, the synchrotron 
component is dominated at both times. The SSC compo- 
nent becomes dominated only at energies above the maximum 
synchrotron photon energy of shock-accelerated electrons, at 
which the flux usually becomes, however, too low to be de- 
tectable by Fermi LAT. The spectral energy distribution of the 
afterglow emission for the fast-cooling case at times / = 10 s 
and t = 100 s is shown in Fig. 4. Similarly, SSC contribution to 
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FIG. 2. — The same as figure 1, but at time t = 10 s after the burst. 

the high-energy emission at energies below 100 GeV is negli- 
gible at these times. Fig.4 (see the bottom panel) also shows 
that the spectrum becomes harder at energies above 10 7 eV. 
This is caused by the decreased IC loss suppression on the 
synchrotron flux at high energies due to the KN effect. 

The Compton parameters also vary with time. In the above 
analytic calculation in §3, we have shown that, T(7*) in- 
creases with time as f 1 / 2 in the slow-cooling case as long as 
Vkn(7*) < v m . When vkn(i*) > v m , T(7*) starts to decrease 
with time. We calculate Y(-f c ) numerically using Eq.ll and 
show the evolution of Y(j c ) and T(7*) with time in the top 
panel of Fig. 5. If T(7*) > 1 as well, as in the case of some 
parameter space shown in figures 1 and 2, the decay of the 
synchrotron afterglow emission will be faster than what is 
predicted by the standard synchrotron afterglow theory (i.e. 
steeper than t ( - 2 ~ 3p ^ 4 for u„ > v c ), since the synchrotron lu- 
minosity at frequency v* scales as 1/[1 +T(7*)]. The decay 
could be steeper by a factor Aa = 1/2 at most. We numeri- 
cally calculate the light curves of the afterglow emission as- 
suming an adiabatic evolution of the blast wave and using the 
electron distribution given in § 2. The light curves of the syn- 
chrotron emission, the SSC emission and the sum of them at 
frequency = lOOMeV are shown in the bottom panel of fig- 
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FIG. 3. — The calculated spectral energy distribution of the afterglow emis- 
sion in the slow-cooling case at times t = 1 s and t = 10 s after the burst with 
the KN effect taken into account. The solid and dashed lines represent the 
synchrotron component and SSC component, respectively. 



FIG. 5. — The top panel shows the evolution of Compton parameters y(7») 
and 7(7c) with time in the slow-cooling case for the parameters e e = 0.1, 
e B = Ur 5 , n = 0.1cm" 3 , E = 10 54 ergs, p = 2.2 and T = 3000. The bottom 
panel shows the light curves of the synchrotron emission, the SSC emission 
and the sum of them at hu, = 100 MeV. Black lines and red lines denote, 
respectively, the light curves with and without KN effect taken into account. 




FIG. 4. — The calculated spectral energy distribution of the afterglow emis- 
sion in the fast-cooling case at times t = 10 s and t = 100 s after the burst with 
the KN effect taken into account. The solid and dashed lines represent the 
synchrotron component and SSC component, respectively. 



FIG. 6. — The same as figure 5, but a larger circumburst density of n = 
lcm -3 . 
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FIG. 7. — The top panel shows the evolution of Compton parameters 7(7*) 
and F(7„,) with time in the fast-cooling case for the parameters e e = 0.1, 
e B = 0.01, n = 0.1cm" 3 , E = 10 54 ergs, p = 2.2 and Y = 3000. The bottom 
panel shows the light curves of the synchrotron emission, the SSC emission 
and the sum of them at hv» = 100 MeV. Black lines and red lines denote, 
respectively, the light curves with and without KN effect taken into account. 



ure 5 (the black lines). As a comparison, we also show the 
light curves (the red lines) in the case that the KN effect is not 
taken into account (i.e. assuming that the SSC cooling is in the 
Thomson regime). One can see that the light curve decay be- 
comes steeper and the flux at 100 MeV is significantly higher 
when the KN effect is taken into account. In Fig. 6, we also 
show the light curves for another set of parameters in the slow- 
cooling case. It also shows that the temporal decay of high- 
energy afterglow emission can be significantly steeper than 
what is predicted by the standard synchrotron theory when 
the KN effect is taken into account. 

For the fast-cooling case, in the above analytic calculations 
we have found that when i/KNilm) < v m , is always larger 
than vq (except when eg < 10~ 5 , but note that for es < 10~ 5 , 
the afterglow emission is no longer in the fast-cooling case 
and the discussion in §3.1 applies). For > vq, F(7*) < 1, so 
almost all of the energy of high-energy electrons goes into the 
synchrotron emission and the synchrotron luminosity is high. 
As y(7*) < 1, the decay slope of the high-energy emission 
will not be affected. However, in the case of VKNilm) > v m , 
F(7») could be larger than 1 and it increases with time as ? 3 / 8 
or t 1 ' 6 in some certain parameter space. This will lead to a 
steeper decay of the synchrotron afterglow emission at fre- 
quency i/*. Figures 7 and 8 show the time evolution of the 
Compton parameters F(7*) and Y(^ m ), and the light curves of 
the high-energy afterglow emission at v* = lOOMeV for two 
set of parameters. They clearly indicate that the temporal de- 
cay of high-energy afterglow emission becomes steeper than 
f(2-3p)/4 yyjjgjj Yfy*) > 1. So we conclude that the light curve 
of the high-energy afterglow emission could be also steeper in 
the fast-cooling case when the KN effect is taken into account. 



FIG. 8. — The same as figure 7, but for e# = 0.005 and n = 1cm 3 . 



5. IMPLICATION FOR FERMI LAT OBSERVATION OF AFTERGLOW 
EMISSION 

As has been shown in figures 1 and 2, the Compton param- 
eters for the electrons that produce high-energy gamma-ray 
afterglow emission are typically small at early time t < 10s, 
i.e. F(7«) < a few for a wide range of parameter space. This 
has important implication for the detectability of high-energy 
afterglow emission by Fermi LAT, since a low F(7*) leads 
to a high synchrotron luminosity at high-energies. The low- 
energy electrons that produce early x-ray and optical after- 
glow emission, however, still suffers from the strong IC loss 
(i.e. Y(-f c ) or Y(j m ) are typically high) and therefore the ob- 
served early x-ray/optical afterglow luminosity is low, com- 
pared with high-energy gamma-ray emission. 

The time evolution of F(7») also has implication for the 
temporal decay slope of high-energy afterglow emission. 
F(7*) increases with time and its value could be greater than 
1 at late times for some range of parameter space. This will 
lead to a faster decay of the high-energy synchrotron after- 
glow emission, which may explain the early fast decay of 
the high-energy gamma-ray emission seen in GRB0905 10 and 
GRB090902B. 

The Fermi LAT and GBM observations as well as the Swift 
observations of the short burst GRB090510 are reported in 
Abdo et al. (2009), Ghirlanda et al. (2009) and De Pasquale 
et al. (2009). The high-energy emission above 100 MeV 
shows a simple power-law decay after the peak, with a de- 
cay slope of a LAT = -1.38 ±0.07 (De Pasquale et al. 2009) 
or -1.46^ (Ghirlanda et al. 2009). The XRT and UVOT 
starts to observe this burst from 100 s after the burst. The 
X-ray spectrum is j3 x = 0.57 ± 0.08 and the temporal decay 
index is a x j = -0.74 ±0.03 during the initial 1000 s and sub- 
sequently steepens to a x : ,2 =-2. 18 ±0.10 with a break at about 
ti, = 1.43 ks. The spectrum and temporal decay index of the 
X-ray emission before t\, is well consistent with the forward 
shock emission with v x < v c and p~2.2, produced by a spher- 
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ical blast wave expanding in a constant density medium. The 
steeper decay with a slope a Xt 2 = 2.18 ±0.10 after the break 
is consistent with a jet break model (Kumar & Barniol Du- 
ran 2009). Such an interpretation predicts a decay slope of 
& = a x.\ ~ = -0.99 at high-energy frequency with 24 > v c 
in the standard synchrotron scenario, since the different cool- 
ing behavior of electrons causes a difference of Aa = 0.25 in 
the decay slope. This slope is much shallower than the ob- 
served slope. The high-energy gamma-ray emission observed 
from the long burst GRB090902B by Fermi/LAT is reported 
in Abdo et al. (2009b). LAT detected high-energy gamma- 
ray emission above 100 MeV on time scales much longer than 
the prompt phase. The time-integrated spectrum of the LAT 
detected emission after the prompt phase is consistent with 
Plat = —1.1 ±0.1. Its flux declines as a simple power-law 
with a decay slope of ollat = -1 .5 ± 0. 1 from t = 25 s to 1 ks. 
Taking p = -2/3/^7 = 2.2 ±0.2, the standard synchrotron emis- 
sion predicts a decay slope of a = — (3p— 2)/4 = -1.15 ±0.1, 
which is shallower than the observed decay slope, similar to 
the case in GRB090510. We suggest that one possible ori- 
gin for the discrepancy in the theoretical and observed decay 
slopes seen in GRB090510 and GRB090902B is due to the 
KN effect on high-energy electrons 8 , as discussed in §4. 

The spectrum of the afterglow emission at high-energies 
can be changed as well when F(7*) increases to be large than 
1 at later times, since the electron distribution is changed 
in this case. Therefore, the time-resolved spectrum at high- 
energies at later times can be harder than F v ~ v~ p l 2 . How- 
ever, the time-integrated spectrum of the high-energy emis- 
sion will be still F v ~ v~ p l 2 since the time-integrated fluence is 
dominated by the contribution at early times (note that the flux 
decays usually faster than f" 1 ), at which times T(7*) < 1 usu- 
ally. The low-significance data of the time-resolved spectra of 
GRB090510 and GRB090902B prevent us from identifying 
the KN effect in the spectrum (De Pasquale et al. 2009; Abdo 
et al. 2009b) . Obtaining high-significance time-resolved 
spectra at high-energies from bright GRBs in future would 

8 A radiative blast wave interpretation for the fast decay has also been 
proposed recently by Ghisellini et al. (2009). However, a very high e e (i.e. 
e e ~ 1) in additional to the fast-cooling spectrum is needed to make the blast 



be very useful do this. 

6. SUMMARY 

We have studied the KN effect on early high-energy after- 
glow emission of GRBs. Our findings are summarized as: 

i) The IC scatterings between high-energy electrons that 
produce early-time high-energy (> 100 MeV) afterglow emis- 
sion and synchrotron peak photons of the afterglow are gener- 
ally in the deep KN scattering regime. As a result, the IC loss 
of these electrons is small and the synchrotron luminosity at 
hv > 100 MeV is high, which is favorable for the detection of 
high-energy gamma-ray emission from the early afterglow by 
Fermi LAT. 

ii) The high-energy gamma-ray emission at the early after- 
glow phase is dominated by the synchrotron emission. The 
SSC emission becomes dominated only at energies above the 
maximum synchrotron photon energy of shock-accelerated 
electrons, but at such energies the SSC flux is usually too 
weak to be detectable by Fermi LAT. 

iii) The KN suppression effect of high-energy electrons 
weakens with time, so that the IC loss increases with time. In 
the parameter space where the Compton parameter is Y(j„) > 
1, the increasing IC loss leads to a faster temporal decay of the 
synchrotron afterglow emission at high frequency. The decay 
slope could be steeper by a factor of Aa = 0.5 at most un- 
der favorable conditions. This may explain the rapid decay of 
the early-time high-energy emission observed in GRB090510 
and GRB090902B. 
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